Subjects with a higher percent of body fat were more likely to have more than one MeS risk factor (p = 0.005). Conclusions: MeS was seen only in obese subjects whether or not they had PA. Thus, it appears that obesity drives metabolic risk in the prepubertal population rather than PA. Our findings are important in determining how the prepubertal patient with PA should be evaluated for metabolic risk.
dren with PA have also been reported to have increased waist circumference (WC), increased waist-to-hip ratio measures, and increased total and central adipose mass compared to controls [6, 7] . This increased central adiposity has been shown to be positively associated with fasting insulin, androgen, and lipid levels in pubertal children with PA [6, 8] .
Overall, these findings may predict a greater risk of developing childhood metabolic syndrome (MeS). MeS is defined by abnormalities in central adiposity, glucose and lipid metabolism, and blood pressure. It has been associated with an increased incidence of type 2 diabetes mellitus and cardiovascular disease in adulthood [9] , highlighting the importance of identifying risk factors earlier in life. There are few published reports of MeS and body composition assessment in children with PA [6] [7] [8] 10] , despite the fact that an increase in fat stores is closely linked to alterations in metabolism and androgen levels. Indeed, the only report to our knowledge of MeS risk assessment in prepubertal children with PA evaluated only girls and included measures of body mass index (BMI) percentile instead of WC [10] .
In this cross-sectional analysis, our primary aim was to test if prepubertal male and female children with a diagnosis of PA met criteria for childhood MeS as compared to unaffected, BMI z-score-matched controls. We further sought to address the gap in knowledge of the interaction of androgen excess, MeS, and body composition in a subset of this defined pediatric population.
Methods

Subjects
A convenience sample of 58 prepubertal girls and boys, 30 with PA and 28 controls, was evaluated. Subjects were recruited from the pediatric endocrinology practices of Columbia University Medical Center, from affiliated general pediatric practices, and in response to flyers in the community. Control subjects that were recruited from the pediatric endocrine practices were initially evaluated for excess weight gain and did not have any known endocrinopathy. Inclusion criteria for subjects with PA included the presence of pubic hair and/or axillary hair before 8 years of age in girls and 9 years in boys, the absence of true puberty (Tanner I breast stage in girls and testicular volume ≤ 3 ml in boys), and dehydroepiandrosterone sulfate (DHEAS) or androstenedione (A4) levels in the Tanner II range. For the control group, subjects were included if they were prepubertal and did not have pubic or axillary hair on examination. Control subjects were further excluded if androgen levels were elevated. Subjects in both groups were excluded if they had a prior history of chronic illness, other known endocrinopathies, evidence of an adrenal enzyme defect on laboratory evaluation, or if they were taking any medications known to interfere with adrenal steroidogenesis or bone metabolism. Informed consent was obtained prior to any procedure from a parent or legal guardian, and assent was obtained for children >7 years of age. The study was approved by the Institutional Review Board of Columbia University Medical Center.
Procedures
The patients underwent a physical examination by a pediatric endocrinologist with Tanner staging of puberty. The anthropometric measures obtained included height, weight, WC, and blood pressure (average of 3 measures of the right arm while sitting). Early-morning levels of the following were obtained after an overnight fast: DHEAS, A4, 17-hydroxyprogesterone, glucose, insulin, luteinizing hormone, follicle-stimulating hormone, testosterone, estradiol (in girls only), and a lipid panel. Serum samples were frozen and stored at -30 ° C until assayed. HOMA-IR was calculated as a measure of insulin resistance. A subset of patients (15 with PA and 8 controls) underwent further analysis for assessment of body composition. Whole-body dual-energy X-ray absorptiometry (DXA) for body fat and of the lumbar spine, hip, and forearm for bone mineral content were obtained at the Body Composition Unit of Columbia University Medical Center and read by a certified densitometrist in the Division of Pediatric Endocrinology. For those who underwent DXA, metabolic bone markers including 25-hydroxy-vitamin D [25(OH)D], osteocalcin (OC), and C-telopeptide levels were also obtained.
Definition of MeS
Subjects were classified as having childhood MeS, as defined by the 2003 Cook et al. [9] age-modified Adult Treatment Panel (ATP) III, if they met 3 or more of the following criteria: WC ≥ 90th percentile for age and sex, fasting glucose ≥ 100 mg/dl, systolic blood pressure ≥ 90th percentile for age, sex, and height, high-density lipoprotein (HDL) ≤ 40 mg/dl, and triglyceride (TG) levels ≥ 110 mg/dl.
Assays
Assays of insulin, luteinizing hormone, and follicle-stimulating hormone were performed via chemiluminescence, and assays of DHEAS, A4, 17-hydroxyprogesterone, total testosterone, and estradiol were performed by high-performance liquid chromatography/tandem mass spectrometry (HPLC-MS) by Esoterix Laboratory Services (Esoterix, Inc., Calabasas Hills, Calif., USA). Serum glucose and the lipid panel were analyzed by colorimetry, C-telopeptide and OC levels were analyzed by ELISA, and 25(OH)D by LC-MS/MS at the Biomarkers Core Laboratory of the Irving Institute for Clinical and Translational Research (Columbia University, New York, N.Y., USA).
Body Composition
Whole-body DXA scans were obtained using Lunar DPX/ DPXL models with pediatric software version 3.8G (GE Healthcare, Madison, Wisc., USA) to give measures of fat-free and fat mass in kilograms, percent of body fat, total content in grams, and total body bone mineral density (BMD) in grams per cm 2 . Quality control was maintained by employing an anthropometric spine phantom made of calcium hydroxyapatite embedded in a Lucite block prior to scanning of every subject. Ethanol and water bottles, simulating fat and fat-free tissues, were scanned for soft-tissue markers every month.
Statistical Analysis
All statistical analyses were performed using the SAS software (version 9.4, SAS Institute, Cary, N.C., USA). Continuous data are reported as means ± standard deviations. Categorical data are reported as frequencies and percentages. Differences between groups were analyzed via one-way ANOVA. The χ 2 test was used to assess the differences between categorical data. Pearson's correlation was used to assess relationships between androgen levels and other parameters. Multinomial logistic regression was used to assess relationships between MeS risk and other continuous variables. A p value of <0.05 was considered statistically significant.
Results
There was no significant difference in the distribution of age (p = 0.299), sex (p = 0.120), height (p = 0.117), or BMI z-score (p = 0.145) between the PA and control groups ( table 1 ) . Six subjects, all in the PA group, were classified as small for gestational age; 15/30 (50%) children with PA and 20/28 (71.4%) controls were classified as obese (BMI >95% for age and sex). Androgen levels including DHEAS and A4, as expected, were significantly higher in PA subjects (p < 0.0001).
Analysis for MeS
Thirty percent of children with PA and 50% of the control group had a WC >90th percentile for age, sex, and ethnicity [11] ; however, this difference did not attain statistical significance (p = 0.263). Systolic blood pressure was lower in the PA group compared to controls (p = 0.019), and 3% of PA and 25% of control children had a systolic blood pressure >90th percentile for age, sex, and height (p = 0.016).
Average TG levels were significantly lower in the PA group as compared to controls (p = 0.034); however, only 2 children with PA (6.67%) and 4 children in the control group (14.3%) had levels >110 mg/dl (p = 0.341). There was no significant difference in average fasting glucose (p = 0.103) or in the percent of patients with glucose levels >100 mg/dl (p = 0.103). There was also no significant difference in HDL levels between the groups (p = 0.388).
Of the 5 children overall (8.6%) that met the criteria for MeS, 1 was classified as having PA (3.3% of the PA group) and 4 were in the control group (14.2%). The difference in the frequency of MeS was not significantly different between the groups (p = 0.138), and these findings did not change with the exclusion of those classified as small for gestational age. All 5 children with MeS had a WC >90th percentile for age, sex, and ethnicity, all were classified as obese, and 4/5 (80%) had HDL levels <40 mg/ dl. The likelihood of having more than one criterion for MeS was not increased with increasing levels of A4 [odds ratio (OR) 1.039, 95% confidence interval (CI) 0.995-1.085] or of DHEAS (OR 1.01, 95% CI 0.994-1.027). Further, there was no significant difference in insulin resistance as measured by HOMA-IR between the groups (p = 0.857).
Body Composition Assessment
Twenty-three of the 58 subjects who underwent metabolic evaluation (15 with PA, 8 controls) also underwent DXA and a metabolic bone workup which included bone turnover markers and 25(OH)D levels ( table 2 ) .
For this subset of PA and control children, there was no significant difference in age or BMI z-score. There was no significant difference in WC (p = 0.535) or in the percent meeting criteria for MeS (p = 0.455). Twelve of 23 (52%) children were positive for at least one MeS risk factor, and only 1 female child with PA who was obese met criteria for MeS. In the PA group, TG levels and WC were both found to be positively associated with increasing A4 levels (p = 0.029 and p = 0.041, respectively). With respect to body composition, lean mass was significantly greater in the PA group (p = 0.039); however, there was no significant difference in total body BMD (p = 0.319), total fat, or percent of body fat between the PA and control groups as a whole. OC, C-telopeptide, and 25(OH)D levels were similar for both groups.
In PA subjects, DHEAS was positively correlated with BMD (r = 0.5603, p = 0.0298), lean mass (r = 0.7075, p = 0.0032), and total body fat (r = 0.6528, p = 0.0083). Subjects with a higher total body fat and percent of body fat were more likely to have more than one MeS risk factor (p = 0.0106 and p = 0.0051, respectively). This association was not seen between total body BMD (p = 0.3384) or lean mass (p = 0.7008) and MeS risk factors. While there existed a trend of increasing OC levels and increasing DHEAS levels with increased likelihood of more MeS criteria, this did not reach statistical significance (p = 0.08 and p = 0.08, respectively).
Discussion
To our knowledge, this is the first study reporting on both male and female prepubertal children with PA, as compared to BMI z-score-comparable controls, that evaluates the risk of MeS along with its effects on body composition. Studies of both prepubertal and pubertal children suggest that, in some children, PA may not be a benign variant of normal development. Increased levels of androgens and their precursors have been linked to an increased risk of obesity, insulin resistance [2] [3] [4] 12] and diabetes mellitus, an adverse lipid profile [13] , and cardiovascular disease [2, [14] [15] [16] . Elevated androgen levels are also associated with an increase in central adiposity [16, 17] . The androgen-mediated effects on bone, however, may be protective [18] [19] [20] . Therefore, we sought to determine competing factors on MeS risk and body composition in children with early-onset androgen excess.
MeS represents a constellation of cardiovascular disease risk factors [21, 22] . Modified criteria for MeS have been established in children [9, 23, 24] . With the knowledge that none of the definitions for MeS have been validated for children under 10 years of age [25] , we chose to apply the ATP III age-modified Cook et al. [9] definition to our population as the inclusion of WC best represented a measure of central adiposity and may predict an increased risk of cardiovascular disease [26] .
The data that we have reported demonstrate that there is no increase in the prevalence of childhood MeS in prepubertal girls and boys with PA. This is in contrast to prior studies [10, 12] where children with signs of PA had an increased risk compared to controls. Utriainen et al. [10] Values are means ± standard deviations unless otherwise specified. * Statistically significant p values. reported on 16-24% of PA females who met criteria for MeS compared to 5-10% of controls. In contrast to our study, the control group was not matched for BMI z-score. Additionally, in our study, only obese subjects were more likely to have MeS. Of the 5 subjects who met criteria for MeS in this report (both PA and control), all were classified as obese and also had increased WC measures, indicating that adrenarche status alone may not be enough to contribute to an altered metabolic profile at this young age.
There are conflicting reports in the literature with respect to dyslipidemia in PA [10, [27] [28] [29] . In our sample, the PA and control groups did not vary significantly in HDL levels which were mostly normal for age. This is in accord with prior studies involving a population comprising similar ethnic backgrounds [30] . Low HDL and elevated total cholesterol levels have been described in PA children; however, adverse lipid profiles were seen with advancing age [31] , providing an explanation for the absence of overt dyslipidemia in our prepubertal subjects. Four out of the 5 children with MeS in this study did have HDL levels <40 mg/dl, which may confer an increased risk for cardiovascular disease in the future [32] . Interestingly, the PA group had lower TG levels than controls. Elevated TG levels in children with a history of premature pubarche and insulin resistance have been reported [27] , but other studies have found significantly lower TG levels in children with PA [33] . Furthermore, lower TG levels were described in adult females with polycystic ovary syndrome [34] . In those women who had elevations in DHEAS alone, a protective effect on TG levels was found, even when compared to the healthy reference group. Also of note in our study, systolic blood pressure was significantly higher in the control group. This is possibly due to a larger number of obese controls, particularly a subset that had significantly higher blood pressure measurements. We also sought to assess if the number of positive MeS risk factors was associated with androgen levels. While DHEAS and A4 levels did not correlate with the number of MeS risk factors, both were positively associated with specific components of MeS, specifically an increased WC.
We performed a further analysis on a subset of both PA and control subjects to evaluate body composition in the setting of androgen excess and metabolic dysregulation. The skeleton is now recognized as an important part of energy homeostasis, specifically with respect to fat and glucose metabolism [35] . Androgen-mediated effects lead to a net increase in bone density by increasing bone mineralization via osteoblast differentiation, as well as by decreasing bone turnover [20] . Utriainen et al. [7] have reported an increased BMD in prepubertal children with PA; however, this finding did not persist after adjusting for height. Even when adjusted for age, weight, height, and fat mass, Sopher et al. [36] did find an increase in wholebody BMD in prepubertal females with PA. In our population, while DHEAS levels were positively associated with BMD, we did not find a statistical difference in total body BMD between PA children and controls. This may be a result of the small sample size as only 23 patients had DXA and bone markers available for analysis. Furthermore, the duration of exposure to an androgen effect may be relatively limited in this young age group as patients were evaluated at one point in time and, therefore, a difference between those with androgen excess and those without may not be apparent until an older age [18, 20] , assuming there is sustained elevation in androgen levels.
Children with PA have also been found to have increased fat mass [6, 7] . Increased central adiposity has been positively associated with androgen levels in these children [6] and with increased cardiovascular disease risk in adults [37] . Although androgen levels were also associated with total body fat, overall fat mass did not differ between groups. Despite this, we did find that with increasing total body fat, subjects were more likely to meet criteria for more than one MeS risk factor. In addition, non-bone lean mass was significantly increased in PA children as compared to controls and was also positively associated with DHEAS levels.
Finally, there was no difference in 25(OH)D levels or bone markers between the groups. OC, a protein produced by osteoblasts, is used as a marker of bone formation [38] , and its production is positively influenced by androgens [20] . On a metabolic level, OC promotes insulin production and influences glucose metabolism via fat stores [39] , further supporting the link between bone and metabolic health [40] . OC levels have been found to be inversely related to fat mass, BMI [41] , and HOMA-IR [42] in postmenopausal women and women with polycystic ovary syndrome. Some reports have also documented an inverse relationship with MeS risk [40, 42] , and adults with type 2 diabetes mellitus have significantly lower OC levels compared to their peers who do not have impaired glucose metabolism [40] . Recently, an evaluation of a large group of healthy adolescents reported a significant negative correlation between OC levels and measures of adiposity and insulin resistance [43] . In pediatric patients with androgen excess, there are no clearly defined associations between androgen levels, OC levels, and BMD scores [44] . We did not find a significant relationship between OC levels and the likelihood of hav-406 ing any MeS risk factors, which may have been a result of our smaller sample size. Further, as OC is specifically linked to insulin secretion and sensitivity and our subjects, on average, had no evidence of impaired glucose metabolism, it was not unexpected that levels did not differ between groups in this young population.
Limitations of this study include: (1) the use of a smaller subset of patients for body composition analysis; (2) the use of the Cook et al. [9] ATP III criteria for MeS for this prepubertal group (at this time, there is no consensus on which published criteria defining MeS should be used in children; as the standardized cutoffs used have only been validated in children older than 10 years, they may not be suitable for this reported group), and (3) the study design does not allow us to comment on the causal relationship between androgen levels, metabolic dysregulation, and body composition, which may have contributed to the lack of statistically significant changes in markers for MeS. Our results do, however, provide insight into the overall metabolic health of this young population.
Conclusions
We conclude that while an increased prevalence of MeS was not seen in prepubertal children with PA as compared to controls, it is important to note that none of the children with a normal BMI percentile in either the PA or control group were diagnosed with childhood MeS. We did find that those patients with increasing adiposity were more likely to have these cardiovascular risk factors. Our findings may have clinical significance with respect to how, and at what age, the clinician approaches the prepubertal patient with PA. Clearly, in those who are obese, this evaluation would allow for early intervention. Further studies are still needed to assess which factors may contribute to an increased MeS risk in pediatric patients with a history of PA and which children will progress to having MeS in adulthood.
